We report the discovery of two long-period giant planets from the AngloAustralian Planet Search. HD 154857c is in a multiple-planet system, while HD 114613b appears to be solitary. HD 114613b has an orbital period P = 10.5 years, and a minimum mass m sin i of 0.48M Jup ; HD 154857c has P = 9.5 years and m sin i=2.6M Jup . These new data confirm the planetary nature of the previously unconstrained long-period object in the HD 154857 system. We have performed detailed dynamical stability simulations which show that the HD 154857 two-planet system is stable on timescales of at least 10 8 yr. These results highlight the continued importance of "legacy" surveys with long observational baselines; these ongoing campaigns are critical for determining the population of Jupiter analogs, and hence of those planetary systems with architectures most like our own Solar system.
Introduction
A major theme that has unified exoplanet searches for more than 20 years is the question of how common (or rare) our own Solar system is. The Kepler spacecraft, which continuously monitored over 100,000 stars for tiny eclipses caused by orbiting planets (Borucki et al. 2010 ), has provided exquisite data which have revolutionised our understanding of the frequency of Earth-size planets in short-period orbits Fressin et al. 2013 ). However, Kepler alone cannot give us a complete picture of the occurrence rate of planetary systems like our own, with rocky inner planets and one or more gas giant planets ("Jupiter analogs") at orbital distances a > ∼ 3 AU. There is more to a system being Solar System-like than having a single planet in a potentially habitable orbit. The detection of a Jupiter analog is a second key component in determining whether an exoplanetary system is Solar systemlike. Over the years, many arguments have been put forth to suggest that such external giant planets might be a necessity for a potentially habitable exo-Earth to be a promising location for the development of life (Horner & Jones 2010a) . Although the role of such planets acting as a shield from an otherwise damaging impact regime has come into question (e.g. Horner & Jones 2008; Horner et al. 2010; Lewis et al. 2013 ), a number of other potential benefits are thought to accrue from the presence of Jupiter-analogs. For example, Jupiterlike planets have been proposed as a solution to the question of the origin of Earth's water. Current models of planetary formation suggest that the Earth formed in a region of the protoplanetary disk that was far too warm for water to condense from the gas phase. As such, it is challenging to explain the origin of our planet's water without invoking an exogenic cause. The formation and evolution of the giant planets, beyond the snow line, offers a natural explanation for the delivery of volatiles from the cold depths of a planetary system to planets that move on potentially habitable orbits (e.g. Horner et al. 2009; Horner & Jones 2010b , and references therein). The detection of a Jupiter-analog is therefore both a second key component in determining whether an exoplanetary system is Solar system-like, and a potential marker that the planets in that system might be promising targets for the future search for life beyond the Solar system. The Anglo-Australian Planet Search (AAPS) has been in operation for 15 years, and has achieved a long-term radial-velocity precision of 3 m s −1 or better since its inception, which is enabling the detection of long-period giant planets. To date, the AAPS has discovered six Jupiter analogs: HD 70642b (Carter et al. 2003 ), HD 160691c (McCarthy et al. 2004 ), HD 30177b (Butler et al. 2006a) , GJ 832b (Bailey et al. 2009 ), HD 134987c (Jones et al. 2010) , HD 142c ). Here, we have defined a Jupiter analog as a giant planet which has ended up near its formation location, beyond the ice line, with a > 3 AU. Recently, the AAPS has shifted its priority to the detection of these Jupiter analogs. The observing strategy and target list have been modified, with the aim of producing an accurate and precise determination of the frequency of Jupiter-like planets in Jupiter-like orbits (Wittenmyer et al. 2011a (Wittenmyer et al. , 2013b . The modified target list includes stars with long-term velocity stability such that Jupiter analogs can be robustly excluded (e.g. Wittenmyer et al. 2006 Wittenmyer et al. , 2011b , as well as those stars with as-yet-incomplete orbits suggestive of long-period giant planets. In this paper, we report the discovery of two such Jupiter analogs with complete orbits. HD 154857 is already known to host a 1.8M Jup planet with an orbital period of about 400 days (McCarthy et al. 2004 ); a residual velocity trend indicated a much longer-period object, as noted in the discovery work and in O'Toole et al. (2007) . This paper is organized as follows: Section 2 briefly describes the observational details and stellar parameters, and Section 3 details the orbit fitting process and gives the parameters of the two new planets. In Section 4, we present a dynamical stability analysis of the HD 154857 two-planet system, and we give our conclusions in Section 5.
Observations and Stellar Parameters
AAPS Doppler measurements are made with the UCLES echelle spectrograph (Diego et al. 1991 ). An iodine absorption cell provides wavelength calibration from 5000 to 6200Å. The spectrograph point-spread function (PSF) and wavelength calibration are derived from the iodine absorption lines embedded on the spectrum by the cell (Valenti et al. 1995; Butler et al. 1996) . The result is a precise Doppler velocity estimate for each epoch, along with an internal uncertainty estimate, which includes the effects of photon-counting uncertainties, residual errors in the spectrograph PSF model, and variation in the underlying spectrum between the iodine-free template and epoch spectra observed through the iodine cell. All velocities are measured relative to the zero-point defined by the template observation. For HD 114613, a total of 223 AAT observations have been obtained since 1998 Jan 16 ( HD 114613 has been observed by the AAPS for the full 15 years of its operation. A long-period trend had been evident for several years, and in 2011, the trend resolved into a complete orbital cycle. We have since continued to observe HD 114613 to verify that the ∼11 yr orbit was indeed turning around. Figure 2 shows the Generalized Lomb-Scargle periodogram (Zechmeister & Kürster 2009 ) of the 223 AAT observations. This type of periodogram weights the input data by their uncertainties, whereas the traditional Lomb-Scargle method (Lomb 1976; Scargle 1982 ) assumes uniform, Gaussian distributed uncertainties. To assess the significance of any signals appearing in these periodograms, we performed a bootstrap randomization process (Kürster et al. 1997) . This randomly shuffles the velocity observations while keeping the times of observation fixed. The periodogram of this shuffled data set is then computed and its highest peak recorded. The longest-period peak near 4000 days is well-defined and highly significant, with a bootstrap false-alarm probability less than 10 −5 . The next-highest peaks are at 122 and 1400 days, respectively. We fit these data with a single, long-period Keplerian using the GaussFit (Jefferys et al. 1988 ) nonlinear least-squares minimization routine. Jitter of 3.42 m s −1 (Wright 2005; O'Toole et al. 2009c ) was added in quadrature to the uncertainties at each epoch prior to orbit fitting. A singleplanet fit yields a period P = 3825±106 d, K = 5.4±0.4 m s −1 , and e = 0.25±0.08 (Table 5) , making this planet a Jupiter analog (Wittenmyer et al. 2011a) , with a minimum mass m sin i of 0.5M Jup , and an orbital period of 10.7 years ( Figure 1) . The rms about the one-planet fit is 3.9 m s −1 , and the periodogram of the residuals to this fit is shown in the right panel of Figure 2 , showing a number of peaks ranging from 28 to ∼1500 d.
There is structure evident in this residual periodogram (Figure 2 , right panel), so we ex-amined the residuals for additional Keplerian signals. One way of determining the veracity of such signals is to examine the data by seasons or subsets. This can disentangle true planetary signals (which would consistently appear in all subsets) from stochastic signals such as stellar rotational modulation (Dumusque et al. 2012; Hatzes 2013) . We divided the residuals to the one-planet fit into two eight-season chunks. HD 114613 was observed intensely in 2007 and 2009 as part of the AAT "Rocky Planet Search" campaigns (O'Toole et al. 2009c,b) , in which 24-30 bright stars were observed nightly for 48 continuous nights in search of short-period planets. It is possible that such a density of observational data may skew the false-alarm probabilities when evaluating potential additional signals. We thus removed the 66 epochs from the two "Rocky Planet Search" campaigns -this resulted in the 8-year halves containing 77 and 80 observations, respectively 1 . Periodograms of the two halves are shown in Figure 3 ; visual inspection reveals that they are markedly different. Table 6 shows the false-alarm probabilities obtained from 10,000 such realizations on each half of the 1-planet residuals. No periodicity is consistently significant in both subsets, with the possible exception of that near 27-29 days -however, this is worryingly close to both the 33-day rotation period of the star (Saar & Osten 1997 ) and the lunar month (at which the sampling of radial-velocity observations is well-known to impart spurious periodicities e.g. Dawson & Fabrycky 2010 , Wittenmyer et al. 2013b ). While it is tempting to consider a second planet near 1400 days, as found in the raw-data periodogram (Figure 2) , we see that this signal is simply not evident in the first 8 years of observations. As suggested by (Hatzes 2013) for the proposed planet orbiting Alpha Centauri B, we rephrase his sentiments to express that any shorter period periodic signal which is evident in one subset of our data should also be evident in other subsets or seasons of the data. As both HD 114613 8-year subsets have ample time coverage and data quantity (N = 77) to sample the candidate periods listed in Table 6 , we can use these results to conclude that there is not yet sufficient evidence for additional planetary signals in our data for HD 114613.
HD 154857
The presence of a planet orbiting HD 154857 was first reported by McCarthy et al. (2004) , who noted that the AAPS data were best fit with the ∼400-day planet and a linear trend, indicating a more distant body. Additional data presented in O' Toole et al. (2007) refined the planet's parameters and attempted to constrain the outer object's orbit since the residual velocity trend had begun to show curvature. They determined a minimum orbit with period 1900 days and K ∼23 m s −1 . Now, with a further 6 years of AAT data, the outer planet has completed an orbit and a double-Keplerian model converges easily. We used GaussFit as described above to fit the two planets, first adding jitter of 2.6 m s −1 in quadrature to the uncertainties (after O'Toole et al. 2007 ). The best-fit parameters are given in Table 5 ; the outer planet is a Jupiter analog moving on an essentially circular orbit with P = 9.5 yr (a = 5.36AU) and m sin i = 2.6M Jup . The rms about the two-planet fit is 3.2 m s −1 , and there are no significant residual periodicities. The data and two-planet model are shown in Figure 4 , and the orbital fits for the individual planets are shown in Figure 5 .
Dynamical Stability Testing
Recent work has shown that any claim of multiple orbiting bodies must be checked by dynamical stability testing to ensure that the proposed planetary orbits are feasible on astronomically relevant timescales. Such testing can support the orbit fitting results (Robertson et al. 2012a; Wittenmyer et al. 2012b; Horner et al. 2012a) , place further constraints on the planetary system configurations (Robertson et al. 2012b; Wittenmyer et al. 2012c; Tan et al. 2013) , or show that the proposed planets cannot exist in or near the nominal best-fit orbits (Wittenmyer et al. 2012a; Goździewski et al. 2012; Wittenmyer et al. 2013a; Horner et al. 2013) . While HD 114613 appears to be a single-planet system, HD 154857 hosts two planets which are so widely separated (1.3 and 5.4 AU) that their dynamical interactions might be expected to be negligible. However, for completeness, we performed the dynamical analysis as in our previous work ).
We tested the dynamical stability of the HD 154857 system using the Hybrid integrator within the n-body dynamics package Mercury (Chambers 1999) . Holding the initial orbit of the innermost planet fixed, we tested 41x41x15x5 grid of "clones" spaced evenly across the 3σ range in the outer planet's semi-major axis a, eccentricity e, periastron argument ω, and mean anomaly M, respectively.
In each integration, the orbital evolution of each planet was followed until it was either ejected from the planetary system (by reaching a barycentric distance of 10 AU), or collided with the central body or one of the other planets. The times at which such events occurred was recorded, which allowed us to construct a map of the stability of the HD 154857 planetary system as a function of the semi-major axis and eccentricity of the outer planet. As expected, the entire 3σ region exhibited stability for the full 10 8 yr. Indeed, not a single ejection or collision occurred in any of the 126,075 trial systems.
Discussion and Conclusions
We have described the detection of two Jupiter-analog planets from the 15-year AngloAustralian Planet Search program. Our new data confirm the planetary nature of the previously unconstrained outer body in the HD 154857 system (McCarthy et al. 2004; O'Toole et al. 2007 ). These results highlight the importance of continuing "legacy" programs such as the AAPS, which is among the world's longest-running radial-velocity planet searches. The planets detailed in this work bring the total number of AAPS-discovered Jupiter analogs to 8. With three Jupiter analogs confirmed in the past two years (HD 142c, Wittenmyer et al. 2012b ; HD 114613b and HD 154857c, this work), the AAPS has nearly doubled its discoveries of these objects in years 14 and 15 of operation. We expect further discoveries of Jupiter analogs over the next few years as additional candidates complete orbits.
The AAPS has shifted its primary focus to the search for Jupiter analogs. Central to this strategy is the selection of a subset of ∼120 targets (from the original 250-star AAPS sample) which satisfy two criteria: (1) sufficient observational baseline to detect a Jupiter analog, and (2) a sufficiently small velocity scatter to enable the robust detection of the ∼5-15 m s −1 signal produced by a Jupiter analog. Criterion (1) eliminates those stars added to the AAPS list well after its inception in 1998, and criterion (2) eliminates those stars which have high levels of intrinsic activity noise which would severely degrade the achievable detection limit. Using the detections and stringent limits from the non-detections, for every target we will be able to detect or exclude Jupiter analogs with high confidence. The result will be a direct measurement of the frequency of such objects, without suffering from significant incompleteness, which adds substantial uncertainty to this measurement (e.g. Cumming et al. 2008; Wittenmyer et al. 2011a ).
There is an emerging correlation between debris disks and low-mass planets, first noted by Wyatt et al. (2012) . They used Herschel to detect debris disks around 4 of 6 stars known to host only low-mass planets; no debris disks were found in the 5 systems hosting giant planets. One of the stars discussed here, HD 154857, has been observed for infrared excess (indicative of debris disks akin to the Solar system's Edgeworth-Kuiper Belt). No excess was found from Spitzer and Herschel observations Dodson-Robinson et al. 2011) . The HD 154857 system, hosting two giant planets and no detectable debris, is consistent with the pattern noted by Wyatt et al. (2012) .
To obtain a complete picture of the nature of the planet candidates we have presented here, it would be ideal to determine true masses, rather than the minimum mass derived from radial-velocity measurements. Direct imaging offers a way forward: for stars known to host a long-period radial-velocity planet candidate, imaging can determine whether that object is stellar (i.e. detectable by imaging) or substellar. This type of characterization has been done for some planet candidates, such as 14 Herculis c (a > 7 AU -Wittenmyer et al. 2007 ), for which AO imaging by Rodigas et al. (2011) established an upper limit of 42M Jup . The TRENDS survey (Crepp et al. 2012 (Crepp et al. , 2013a is currently using this strategy to target stars with known radial-velocity trends. The Gemini Planet Imager (GPI), now installed on the 8m Gemini South telescope (Hartung et al. 2013) , has been specifically designed for the detection of these giant planets (McBride et al. 2011 ). It will provide not only the high contrasts needed to detect them, but also low-resolution spectra for each planet found, which can be used for their characterisation. We are now at a convergence of two developments in exoplanetary science: (1) radial-velocity data now extend comfortably into the range of Jupiter-analog orbital periods, and (2) direct imaging techniques have improved to the point where it is possible to detect Jupiter-like planets orbiting Sun-like stars at orbital distances approaching that of our own Jupiter (∼5 AU). These complementary techniques can bridge the detectability gap, enabling direct measurements of the occurrence rate of Jupiter analogs orbiting Sun-like stars. Table 5 ; several peaks remain which may indicate further planets. 
